Abstract: Applying pig manure in excess of crop demand can result in nutrient loss to water bodies. We studied the effect of liquid and solid pig manures and their N-and P-based application rates on yield and nutrient uptake in annual and perennial cropping systems for 3 yr. The experiment had a split-plot design with five nutrient management treatments including liquid-N (annual N-based liquid pig manure), liquid-P (P-based liquid pig manure once every 5 yr), solid-N (annual N-based solid pig manure), solid-P (P-based solid pig manure once every 5 yr), and control (no manure). The liquid-P treatment showed high apparent nitrogen and phosphorus recovery (ANR and APR, respectively) in each cropping system and yields similar to that of the liquid-N treatment. The solid-N treatment had the smallest ANR in the perennial cropping system (9%-27%) and also the smallest APR in both cropping systems (typically <4%) possibly due to N deficiency and high P application rate. The current formula for estimating organic N mineralization overestimated the available N, particularly for solid pig manure, reducing crop yield. Based on the ANR obtained in this study, a more appropriate coefficient is 10%-15% of the organic N from solid pig manure for no-till perennial cropping systems.
Introduction
Applications of livestock manure in excess of plant requirements can result in the loss of nutrients from agricultural land and consequent degradation of groundwater, streams, and lakes (Allen et al. 2006) . Previous analyses on a sandy soil in Manitoba (Nikièma et al. 2013) showed that increasing manure nitrogen (N) application rate (low, 64 kg ha −1 ; medium, 128 kg ha −1 ;
high, 192 kg ha −1 ) increased N leaching as 5, 28, and 55 kg ha −1 NO respectively, per annum. Despite the fact that liquid pig manure increased the grain yield of wheat (Triticum aestivum L.) and N removal by about 40%, the apparent nitrogen recovery (ANR) decreased at higher rates of manure N application (Nikièma et al. 2013) . Daudén et al. (2004) found that applying pig manure above crop N needs did not increase corn (Zea mays L.) yield and led to greater risk of NO One way of utilizing pig manure is by applying it to grassland in the vicinity of hog barns. Perennial grasses are known to efficiently use nutrients that may reduce nitrate leaching and reduce the potential for groundwater pollution (Karimi et al. 2017) . Comparing biomass yield and nutrient uptake of perennial grasses to that of annuals will provide us with information on the potential of these grasses to receive manure and be used to reduce nitrate leaching.
Historically, manure application rates in North America and Europe have been based on crop N requirements to meet yield potentials (Miller et al. 2011 ). The imbalance between N and phosphorus (P) requirements of the crop and the supply of these nutrients in manure has led to two different manure application strategies, namely N-based and P-based (Olson et al. 2010a (Olson et al. , 2010b . As a result of greater N:P uptake ratio of crops than the N:P ratio in manure, N-based manure management results in the accumulation of P (Eghball 2002) . Intermittently applying manure by supplying several years of crop P demand is more cost effective in labour and equipment compared with annual P-based manure application (Miller et al. 2011 ). Eghball and Power (1999) reported that P-based manure or compost application resulted in similar corn grain yield to those of N-based treatments but had significantly less soil available P level after 4 yr of application. Ferguson et al. (2005) , in a study comparing N-and P-based applications of composted and fresh beef feedlot manure on corn silage yield and soil N and P movement, reported that N-based manure and compost treatments had the highest crop yield, as well as soil NO − 3 -N and P concentrations.
In the province of Manitoba, manure has been traditionally applied based on the N requirement of the crop. Concerns about the potential loss of P from the soil to surface water has led to the introduction of regulations that farmers add their manure based on crop P demand as the soil-test P level reaches a certain threshold (60 mg Olsen P kg
−1
). How the new P-based manure management strategy will affect crop yield and nutrient uptake compared with the traditional N-based strategy has not been thoroughly evaluated in Manitoba and other prairie provinces. Traditionally, producers and manure applicators in Manitoba utilize liquid pig manure. In recent years, some producers have experimented with solid pig manure to reverse the trend of degrading soil quality and potentially improve crop yields. While several studies have been conducted on the nutrient uptake from liquid pig manure, very few studies have investigated solid pig manure. A comparative study is needed that examines the biomass yield and nutrient uptake from these two types of pig manure so that producers can make informed decisions about their manure management practices. The objectives of the current study were to (i) determine the effects of Nvs. P-based applications of liquid and solid pig manure on yield and nutrient uptake of perennial and annual cropping systems, and (ii) examine the ANR and apparent phosphorus recovery (APR) values and use these to evaluate the formula for estimating available N from solid and liquid pig manure in Manitoba.
Materials and Methods

Site characteristics
The study was conducted during three consecutive years (2009, 2010, and 2011) at the University of Manitoba Ian N. Morrison Research Farm in Carman, MB (49°29′N, 98°00′W, 266.1 m a.s.l.). The site was located on moderately well-drained Hibsin soil (CanadaManitoba Soil Survey Report D60) with a coarse loamy surface layer underlain by clayey deposits. The climate of the area is characterized by a mean annual temperature of 3.1°C and a mean annual precipitation of 486 mm (average from 2001 to 2010). Precipitation varies greatly from year to year and is highest from late spring through early summer (Nikièma et al. 2016) . The weather record at the site during the study is summarized in Fig. 1 .
The experimental site was initially under alfalfatimothy-orchard grass (2006) (2007) (2008) (2009) 
Experimental design
A split-plot treatment structure was established in 2009 with two cropping systems (annual and perennial) as the main plot. The annual cropping system was a canola-barley rotation comprised of canola (Brassica napus L. 'Argentine' Conventional and 'Liberty-Link' tolerant) in 2009 and 2011 and barley (Hordeum vulgare L. 'Tradition') in 2010. The perennial system comprised of timothy/ orchard grass in all 3 yr. The sub-plot treatments (10 m × 10 m) included liquid-N (annual N-based liquid pig manure), liquid-P (P-based liquid pig manure once every 5 yr), solid-N (annual N-based solid pig manure), solid-P (P-based solid pig manure once every 5 yr), and a control that received no manure or fertilizer during the 3 yr of study. All treatments were replicated four times, with a 5-m buffer between replicates and a 2-m buffer between sub-plots. This study investigated the first 3 yr of a 5-yr manure application strategy.
Manure application and seeding dates
Liquid pig manure was applied on 2 and 3 June 2009, whereas solid pig manure was applied on 11 and 12 June 2009. Both manures were manually broadcasted on the designated plots. The annual plots (both the solid and the liquid manure plots) were rototilled two times in 2009: once to incorporate the alfalfa-grass mixture that has been growing on these plots since 2006 and the second time to incorporate the manure and prepare a seed bed for canola. However, in the perennial plots, both manures were not incorporated into the soil. On 15, 16, and 17 June 2010 and on 16 and 17 June 2011, pig manures (solid and liquid) for N-based treatments and urea fertilizer for the P-based treatments were manually broadcasted to the appropriate plots and incorporation and seeding were carried out on the same day. Incorporation was carried out with a rotor-tiller to 10 cm soil depth.
Manure and urea application rates
To simplify the calculations of specific-targeted manure application rates, Manitoba Agriculture, Food The extracted samples for P were lost.
and Rural Development produced the Manure Application Rate Calculator (MARC) as a provincial manure management planning software package (MAFRI 2009 ). The MARC software package uses manure nutrient analysis, crop requirements, nutrient availability, and estimated nutrient losses to determine appropriate manure application rates (Table 1) . In 2010 and 2011, manure was applied to the N-based treatments only while urea was used to supplement the crop N requirements of the P-based treatment (Table 2) . In 2010, a wet spring caused a delay in acquiring manure from producers, which did not allow for sufficient time to analyze the manure prior to field application. As such, liquid manure application rates were based on the Nova meter estimate of ammonium-N and standard reference values for organic N in liquid manure from a commercial pig barn in Manitoba. Actual liquid manure N application rates were back-calculated (Table 2 ) using manure nutrient analyses results (Table 1) from samples collected at the time of application.
Estimated N availability
To estimate available N in manure, the following formula was used (MAFRI 2009): Total available N = ammonium N × (100% − % volatilization loss) + 25% organic N. The MARC software package estimates ammonium losses based on the weather conditions during spreading and the exposure of the manure to the atmosphere based on our spreading techniques. Assuming an average weather condition during the spreading of manure at our study site, ammonia volatilization losses were estimated to be 25% for the annual plots (incorporated within one day) and 35% for the perennial plots (standing or cover crop/stubble)
Field and laboratory procedures
Plant samples were collected in each year at midseason and harvest. The perennials had two cuts of hay while the annual crop was harvested for grain on crop senescence. In each plot, biomass samples were taken in four randomly selected areas using a 0.25-m 2 quadrant for a total area of 1 m 2 . In 2011, plant samples were taken from an area of 2.0 m 2 to reduce variability in the biomass data. The plant material was put in cloth bags and hung in a drying room at room temperature (25°C) for 30 d, after which the grain was threshed and the grain, straw, and grass weights determined. The mid-season and harvest biomass were sub-sampled and finely ground with a mini-ball mill and then analyzed for total N and P using the wet oxidation technique of Akinremi et al. (2003) . The 2011 plant biomass samples were reanalyzed for P by Agvise Laboratories, Northwood, ND, in 2013 using a nitric acid/hydrogen peroxide digestion method followed by P determination using a Perkin Elmer 5400 ICP (Jones 2001) to verify the P data obtained in 2011.
Calculation of apparent N and P recovery
The ANR (%) was calculated by subtracting the N uptake (kg ha ) of the control from the N uptake of each treatment in each block and dividing by the total N applied (kg ha −1 ) in manure or fertilizer applied in the year when crop response was measured (Read et al. 2008) . Similar to ANR, the APR (%) for 2009 was calculated by subtracting the P uptake (kg ha −1 ) for the control from the P uptake for each treatment in each block and dividing by the total P (kg ha −1 ) in manure applied. where P uptake is P uptake = P uptake Treatment − P uptake Control ð3Þ
Statistical analyses
Analysis of variance using PROC MIXED (SAS software; SAS Institute Inc., Cary, NC) was conducted on biomass and nutrient uptake/removal to determine significant cropping system, nutrient treatment effects, and their interaction in each year. Assumption of normality distribution was checked using PROC UNIVARIATE. For total aboveground biomass and nutrient uptake/removal, the statistical model included block (with four levels) as a random factor and treatments (five levels) and cropping systems (two levels) as fixed factors. Due to the variability introduced by manual application of manure, a predefined 0.1 significance probability threshold was used (Zvomuya et al. 2003; Olatuyi et al. 2012 ). Treatment differences were accepted if p < 0.1 using the TukeyKramer method. Because of common manure management strategies for the two cropping systems, the total aboveground biomass and nutrient uptake were analyzed as a factorial experiment.
Results and Discussion
Total aboveground biomass and nutrient uptake In 2009, there was a significant effect of cropping system on biomass as the canola crop produced significantly greater biomass than the perennial crop (Table 3 ). There was no significant effect of manure Probability value is significant at p < 0.1. treatment (p > 0.1) on biomass yield or nutrient uptake due to the similarity between the various treatments in the first year of the study (Table 2 ). In 2010 and 2011, there were significant crop, manure, and crop × manure interaction effects on the aboveground biomass and nutrient uptake (Table 3 ). In 2010, greater aboveground biomass was produced in the perennial plots than in the annual plots (9405 vs. 7725 kg ha −1 ), and the reverse was the case in 2011 as greater aboveground biomass was produced in the annual plots than in the perennial plots (11450 vs. 8612 kg ha −1 ). The same trend was observed for N and P uptake. Because of the significant crop × manure interaction, the manure treatment effects were tested for each cropping system (Tables 4 and 6 ).
Canola and barley grain yield and nutrient removal
In 2009, the canola grain yield was greater than the target yield of 1960 kg ha −1 even on the unfertilized control plot (Table 4 ). The high yield on the control plot may be due to residual nutrients provided by the previous crop of alfalfa and grass. Baseline soil samples taken in May 2009 indicated that the experimental area had high background soil-test P with >20 mg kg −1 Olsen P (data not shown). As well, the plow-down of the alfalfa/grass forage may have supplied more N than was credited (60.5 kg ha
) using the MARC software. There was no significant effect of manure on canola grain yield due to high background levels of soil nutrients in 2009 (Table 4 ). The high yield in the solid-N treatment was surprising as solid manures often do not supply adequate available N (Qian and Schoenau 2002; Ige et al. 2015; Hao et al. 2016 ). However, the high fertility of this site, coupled with the N from the plowed down alfalfa/grass, may have provided sufficient nutrients to the canola crop and the solid manure may have provided micronutrients or nonnutrient benefits such as moisture retention.
In 2010, the barley grain yield (Table 4) ) and were a Probability value is significant at p < 0.1. not statistically different from the control, but, yields for the liquid-P treatment were statistically lower than the liquid-N treatment. As N-based manure application rate supplied more manure than the P-based rate, this may be related to non-N benefits of N-based treatment (Nikièma et al. 2013; Lafond et al. 2017) . Nearly all manure treatments, except the liquid-P, resulted in greater N and P removal than the control in 2010 (Table 4) . Regardless of the forms of manure, the greatest P removal was in the N-based manure treatments. This may reflect the cumulative effect of 2 yr of manure addition. Canola grain yields were higher in 2011 for all treatments compared with the target yield of 2356 kg ha −1 (Table 4 ). The control plot yielded significantly less canola grain than all of the manure treatments. The highest canola grain yield (4440 kg ha −1 ) was for the solid-P treatment in 2011. The N removals from the manure plots were significantly greater than the control plot. Because of the high canola yields, N removals were also high (80.3-148.9 kg ha −1 ) compared with the N removal range that was reported by the Canadian Fertilizer Institute (Table 5 ). The P concentration in the canola grain was slightly lower in 2011 than in 2009 (Table 4) . The lower P concentration in the grain was due to a dilution effect brought about by the relatively high canola yield in 2011. Similar results regarding nutrient removal and nutrient dilution were reported by Lieffering et al. (2004) . However, because of the very high canola yields, the P removal was high for the manure treatments (19.2-28.1 kg ha
). The canola grown on the control plots removed less P than the treated plots except for the liquid-P plot (Table 4) .
Perennial yield and nutrient removal
In 2009, similar to canola yield, the perennial yield was greater than the target yield of 6700 kg ha −1 for perennial, even on the unfertilized control. There were significant effects of manure application on perennial biomass yield and P removal (Table 6 ). The perennial dry matter yield was 6847 kg ha −1 on the control plots and this amount was significantly smaller than the 8195 kg ha −1 on the liquid-N plots (Table 6 ).
The N concentration tended to be greater in the first cut of hay than the second. The N concentration of 1.3%-2% (Table 6 ) converts to a crude protein of 8%-12%, which is reasonable for perennial crops (Popp et al. 2016) . Although not statistically significant (p = 0.1034), N removal was greatest on the liquid-N and liquid-P plots, where biomass yields were greater. The P concentration was greater for the second cut than for the first cut, even on the control treatment (Table 6 ). Phosphorus removal was significantly greater on the liquid-N and solid-P plots than the control.
In 2010, the perennial yields were greater than in 2009. All treatments, even the unfertilized control, out yielded the target yield of 6700 kg ha
. This may be due, in part, to more growing season rainfall in 2010 (420 mm) than in 2009 (281 mm) (Fig. 1) . In 2010, the perennial yields were the highest for the solid-P and the liquid-N plots, both of which were statistically greater than the control and the solid-N plot (Table 6 ). The liquid-N treatment supplied more N and P in 2010 than was planned, and this may have been responsible for the greater yield of this treatment ( Table 2 ). The perennial yields on the solid-N plot were less than for the other manure treatments, but were not statistically different from the liquid-P plot (Table 6 ).
The N concentration was greater in 2010 than in 2009, with the solid-P and liquid-N plots having the highest concentrations, similar to the pattern for dry matter yield (Table 6 ). An N concentration of 2.6% in the liquid-N plot converts to about 16.2% crude protein, which is high for a perennial crop (Popp et al. 2016) . As a result of high N concentrations and high yields, the N removals for the liquid-N (242 kg ha ) and the solid-P (233 kg ha −1 ) plots were the greatest among all treatments. These high N concentrations, yields, and N removal rates reflect the high availability of the N applied as liquid manure and the urea fertilizer applied to the solid-P plot during the second year of the trial. Conversely, N removal from the solid-N plot was not statistically different from the control, again indicating low N availability in the solid manure. The leachate results obtained using field core lysimeters in these study plots also showed that this treatment reduced the risk of nitrate leaching, likely due to immobilization of N with the addition of straw in the manure (Karimi et al. 2017) . Previous studies have shown that the formula used in Manitoba to estimate available N in manure (available N in manure = 75% of NH + 4 -N + 25% of organic N) does not account for the effect of a relatively high C:N ratio (11-14, Loecke et al. 2004 ) of the solid manure on N release and overestimates N availability for solid manures (Ige et al. 2015) . The P concentration in the perennial crop was greater in 2010 than 2009 (Table 6) , particularly for the first cut. The high P concentration in the grass combined with the high yields for the manure treatments resulted in high P removal for all treatments. The N-based manure treatments resulted in statistically greater P concentrations in the perennial crop than the P-based applications and the control treatments, probably due to the large amounts of P that were applied in the N-based manure treatments. In 2011, liquid-N, liquid-P, and solid-P provided sufficient available N for the highest yields and were statistically greater than the control (Table 6 ). This is reflected in the N removals for these treatments. While the solid-N treatment produced one of the greatest yields in the annual crop (Table 4) , it produced the smallest yield among the manure-treated perennial treatments. This was probably due to a lack of tillage to incorporate the manure in the perennial crop, unlike the yearly incorporation in the annual crop. Annual tillage and incorporation of solid manure in the canola-barley rotation probably ensured greater mineralization of nitrogen from the solid manure in comparison to the no-till perennial (Kabiri et al. 2016; Martínez et al. 2017) .
The N concentration in the first cut of the perennial crop was generally greater in the manured plots than in control plots, with the exception of the solid-N plot. However, for the second cut, the liquid-N and solid-N treatments produced the highest concentration of N. Crude protein for the fertilized 2011 perennial crop ranged from 9.8% to 13.0%, which is typical for forage grasses in Manitoba (Popp et al. 2016 ). The P concentrations were lower in 2011 than in 2010. There was a significant treatment effect on P concentration and removal, with the solid-N treatment producing the highest concentrations of P. Overall, P removals ranged from 16.7 to 26.2 kg ha −1 (Table 6 ) and were high compared with the range reported by the Canadian Fertilizer Institute (Table 5) . It is possible that several months of wet soil (near saturation) following periods of freezing and thawing from fall 2010 to spring 2011 increased soluble P and plant uptake in 2011. High soil moisture content and anaerobic conditions decrease soil redox potential and increase calcium phosphate mineral solubility in alkaline soils (Amarawansha et al. 2015) . Due to the effects of manure source on N availability and yield, P removal was greatest for the liquid-N treatment, which was significantly greater than the control and the solid-N and liquid-P treatments (Table 6 ).
Aboveground biomass apparent N and P recovery
In 2009, there was a significant cropping system effect on ANR; however, the manure treatment and crop × manure interaction were not significant (Table 7 ). This lack of manure effect was probably due to the large amounts of N mineralized following the termination of the alfalfa. In 2010 and 2011, there were significant crop, manure, and crop × manure interaction effects on ANR. The ANR was greater for the annual crop than the perennial crop in 2009 and 2011. This is consistent with biomass yield results (Table 3 ). In contrast, Entz et al. (2001) reported greater N utilization efficiency in perennial cropping systems than annual systems, suggesting that perennials are more effective in reducing NO − 3 -N movement through the soil profile. The ANR was the smallest for the solid-N plot in both cropping systems (Table 7) . Fifty percent or more of the N in the liquid manure was in the readily available ammonium form (Table 1) . Solid manure, on the other hand, typically contained most of its N in the organic form. It would take time for the mineralization of organic N to ammonium, and depending on the C:N ratio of the manure, immobilization of N may have also occurred. In addition, the leachate results obtained in these plots showed that solid manure reduced the risk of nitrate leaching (Karimi et al. 2017) . Therefore, it is likely that the method used to estimate available N from organic N in the solid manure overestimated the quantity of N mineralized. Studies carried out in Manitoba have shown that the current method of estimating available N from solid manure overestimates available N (Ige et al. 2015) . If the MARC estimate of 35% for volatilization of ammonium from perennial plots is appropriate, then, based on 3-yr average ANR results, a mineralization rate of 10%-15% of organic N from solid pig manure on the no-till perennial may be more reasonable. The relatively large ANR values for the P-based manure treatments were likely due to the supplemental fertilizer N.
In 2009 and 2010, there were no significant crop, manure, and crop × manure interaction effects on APR (Table 8) . However, in 2011 there were significant crop and manure treatment effects on APR. Similar to ANR, the APR was greater for the annual crop than the perennial crop in 2011, and this was consistent with the biomass yield results (Table 3 ). In 2011, the solid-N treatment resulted in low APR as a function of the greater P applied (Table 2), in both cropping systems. Similar to our APR results, previous studies have shown that ANR decreased with increasing fertilizer rate because no further increase in crop N uptake occurred when the N application rate exceeded crop N requirements (Mihailescu et al. 2014; Li et al. 2016 ). Phosphorus Means with the same letter within a column are not significantly different at p < 0.1 according to the TukeyKramer test. Means with the same letter within a column are not significantly different at p < 0.1 according to the TukeyKramer test.
uptake by crops was influenced strongly by the availability of N from the manures. Therefore, low N availability of the solid-N treatment resulted in the smallest APR (Table 8 ). In contrast to Olson et al. (2010a Olson et al. ( , 2010b , who found the assumptions made for P and N availability in beef manure to be reasonably accurate, our results suggest more assessments on manure-specific nutrient availability.
Conclusions
The liquid-N treatment resulted in consistently high yields for both cropping systems, producing yields that were equal to or greater than those from the liquid-P treatment and supplementary urea. Thus, the current formula used in Manitoba provided a reasonable estimate of available N from liquid pig manure. Based on the 3-yr average ANR of the solid-N treatment, we concluded that the current formula overestimated available N, and suggest a coefficient of 10%-15% as a replacement.
Due to low N availability of the solid-N treatment and high P application rate, this treatment had the smallest APR. Nevertheless, canola/barley grain and perennial yields from the liquid-P treatment were similar to those of the liquid-N treatment and had among the highest APR values.
We propose that the shortcomings of the MARC software can be addressed in two steps. Initially, the limitations should be acknowledged clearly, and the outputs should be used with corresponding caution. Secondly, in the long run, these deficiencies can be corrected based on comprehensive experiments considering both ammonium volatilization and organic N mineralization concurrently. For example, the estimate of 25% and 35% ammonium volatilization from annual and perennial plots could be adjusted based on the C:N ratio of the applied manure.
